O B J E C T I V E S This study sought to investigate the clinical and imaging characteristics associated with diagnostic inaccuracy of computed tomography angiography (CTA) for detecting obstructive coronary artery disease (CAD) defined by quantitative coronary angiography (QCA). 
B AC K G R O U N D Although diagnostic performance metrics of CTA have been reported, there are sparse data on predictors of diagnostic inaccuracy by CTA.
M E T H O D S
The clinical characteristics of 291 patients (mean age: 59 AE 10 years; female: 25.8%) enrolled in the multicenter CorE-64 (Coronary Artery Evaluation Using 64-Row Multi-detector Computed Tomography Angiography) study were examined. Pre-defined CTA segment-level characteristics of all true-positive (N ¼ 237), false-positive (N ¼ 115), false-negative (FN) (N ¼ 159), and a random subset of true-negative segments (N ¼ 511) for $50% stenosis with QCA as the reference standard were blindly abstracted in a central core laboratory. Factors independently associated with corresponding levels of CTA diagnostic inaccuracies on a patient level and coronary artery segment level were determined using multivariable logistic regression models and generalized estimating equations, respectively. elineating the presence and anatomic extent of obstructive coronary artery disease (CAD) provides vital prognostic information and guides the management of patients with ischemic heart disease (1-4). Accumulating evidence from single-center and multicenter studies has demonstrated high accuracy of contemporary computed tomography angiography (CTA) for the diagnosis of obstructive CAD (5) (6) (7) (8) . Accordingly, CTA has been included in recent American and European recommendations as a valuable noninvasive alternative in the diagnostic evaluation of patients at low-to-intermediate probability for CAD (9, 10) .
Although numerous factors affect the comparison between CTA and invasive quantitative coronary angiography (QCA) (11) , there is a paucity of data on how clinical and CTA imaging characteristics influence the diagnostic accuracy of CTA. Accordingly, the objective of this study is to examine patient clinical and coronary arterial segment characteristics on CTA associated with inaccurate diagnosis of obstructive CAD as defined by QCA.
Study design and population. The CorE-64 (Coronary Artery Evaluation Using 64-Row Multi-detector Computed Tomography Angiography) study is a prospective, multicenter investigation to examine the diagnostic accuracy of CTA to detect CAD in comparison with QCA (12) . Its study design and primary results have been reported (7, 12) . Briefly, patients aged $40 years who were referred for clinically indicated invasive coronary angiography were recruited from 9 international centers. Exclusion criteria included prior cardiac surgery, percutaneous coronary intervention within the past 6 months, history of iodinated contrast allergy, history of or high-risk features for contrast-induced nephropathy, tachyarrhythmia or second/thirddegree atrioventricular block, advanced heart failure or aortic stenosis, body mass index >40 kg/m 2 , and contraindications to beta-blocker. Patients with an Agatston score >600 were pre-specified to be excluded from the primary analysis. The study was approved by the local institutional review board of all participating centers. All patients provided written informed consent.
Invasive coronary angiography acquisition and analysis. Clinically indicated invasive angiography was performed within 30 days after CTA using standardized angiographic techniques. Images were forwarded to the QCA core laboratory for centralized blinded analysis. The coronary tree was segmented and analyzed according to a modified 19-segment model (7, 12, 13) . All nonstented coronary segments $1.5 mm in diameter were visually assessed for $30% stenoses that were quantified by QCA (CASS-II, QCA, version 2.0.1, PIE Medical Imaging, Maastricht, the Netherlands). The most severe stenosis was determined within each segment and for each patient. Significant obstructive CAD was defined on QCA as luminal diameter narrowing of $50%. CTA acquisition and post-processing. All images were acquired using a commercially available computed tomography scanner (Aquilion 64, Toshiba Medical Systems, Tochigi, Japan). Noncontrast imaging was performed using prospective electrocardiogram gating for Agatston calcium scoring. CTA was completed with retrospective electrocardiogram gating. Beta-blockers were administered in compliance with local institutional standards at each center when the resting heart rate was >70 beats/min to achieve a target heart rate of <70 beats/min. Sublingual nitroglycerine was routinely Predictors of Diagnostic Inaccuracy of CTA S E P T E M B E R 2 0 1 3 : 9 6 3 -7 2 prescribed along with weight-based intravenous administration of iopamidol (Isovue 370, Bracco Diagnostics, Inc., Monroe Township, New Jersey) at 3.5 to 5.0 ml/s before image acquisition as triggered by bolus tracking during a single 12-to 14-s breath-hold.
Raw data were transferred to the CTA core laboratory for post-processing and blinded interpretation per standardized protocols (7, 12) . Images were reconstructed at 0.5-mm slice thickness with 0.3-mm overlap. Multiple systolic and diastolic phases with the least cardiac motion were routinely reconstructed with standard (FC43) and as appropriate additional sharper (FC05) kernels. Optimal reconstruction was identified for each vessel from which it was segmented and labeled in accordance with the modified 19-segment model for cross-comparison with QCA (12, 13) . CTA stenosis interpretation. Two independent CTA readers visually graded each nonstented segment for stenosis according to an ordinal scale (12) . All segments with visible luminal narrowing of $30% were quantified for maximum percentage luminal diameter stenosis by a semiautomatic contour detection algorithm using commercially available software (Vitrea Version 3.9.0.1, Vital Images, Minnetonka, Minnesota). Segments deemed nonevaluable or with inter-reader visual and/or quantitative stenosis discrepancies crossing the 50% threshold underwent consensus grading incorporating a third experienced observer. After finalization of all qualitative and quantitative segmental stenosis measurements independently by both QCA and CTA core laboratories for the entire trial cohort, an adjudication process was performed to ensure correct cross-modality correspondence of segments as interpreted.
Definitions of CTA diagnostic inaccuracy and abstractions for inaccuracy-associated features. Diagnostic inaccuracy of CTA was examined on both (a) perpatient and (b) per-segment levels, and was defined as diagnostic discordance between quantitative CTA and reference standard QCA for the presence of $50% luminal stenosis. Consistent with CorE-64 primary outcome analysis (7), stented and nonevaluable segments were excluded in this substudy. On patient-and segment-based levels, overall diagnostic inaccuracy (i.e., misdiagnoses, all QCA-CTA discordant diagnoses) was further stratified by the (a) presence and (b) absence of obstructive CAD per reference standard QCA, representing correspondingly false-negative (FN) and falsepositive (FP) diagnoses. True-positive (TP) and true-negative (TN) findings were conventionally defined as the correct identification and exclusion of obstructive CAD, respectively.
Patient-level factors examined included patient baseline clinical characteristics (demographics, traditional risk factors, prior CAD diagnosis/ interventions), physical and laboratory parameters (body mass index, serum creatinine, cholesterol), and selected core laboratory-determined CTA acquisition parameters (mean and variability of acquisition heart rate) and patient-level findings (breathing artifacts and Agatston calcium score) known to affect CTA interpretation.
For this post hoc analysis, all evaluable coronary segments with TP, FN, and FP diagnoses of obstructive CAD together with a randomly selected subset of TN segments were re-evaluated without knowledge of diagnosis or stenosis measurements by either modality for additional prospectively defined segment-level features. Random selection of a TN segment as a referent control was pre-specified in this substudy because characterization of all TN segments (>3,000) was deemed to be impractical. From the entire clinical trial patient cohort, TN segments in number matched to the total of all TP, FN, and FP segments were pre-specified to be randomly selected. To minimize potential effects of clustering, we stipulated a priori that no more than 5 random TN segment samples were to be selected from any one individual patient. Segmentlevel features examined included: 1) segment image quality (good ¼ absence of motion or other artifacts, adequate ¼ assessable with minor motion artifacts, poor ¼ assessable with substantial motion/ other artifacts, and nonevaluable); 2) segmentalarterial calcification (none/presence); 3) tortuosity (segment assuming $1 within-segment arc(s) of visually estimated $60 on multiplanar and/or maximum-intensity projections); 4) vein crossing (cardiac venous structure(s) visualized as crossing or contacting with arterial segment on maximumintensity projections of #2.5-mm slab thickness); 5) segment reference diameter (most proximal disease-free portion of segment determined by semiautomatic contour detection algorithm with manual contour editing); and 6) segment-specific luminal contrast attenuation (mean Hounsfield units of cross-sectional region of interest excluding wall/plaque/calcification at proximal disease-free portion of segment). All post hoc segmental characteristics were abstracted from restored multiplanar reformations, maximum-intensity projections, and cross-sectional images as used for original stenosis assessment. Reference to adjudicated segmentation labeling ensured exact correspondence of coronary segments between successive reads and across modalities. Statistical analysis. Continuous variables unless otherwise stated are reported as medians with interquartile ranges and compared using the Kruskal-Wallis test. Categoric data are presented as counts and percentages with comparisons conducted by the Pearson chi-square or Fisher exact test. Patient-level features and segment-level CTA characteristics were separately examined for respective relationships with patient-level and segmentlevel diagnostic inaccuracy of CTA. The respective study samples of the entire cohort (N ¼ 291) and their studied segments (N ¼ 1,022) were stratified for unadjusted pairwise comparisons of features by diagnostic discordance versus concordance of CTA versus QCA (a) overall (misdiagnosis vs. accurate diagnosis), among subgroups (b) with (FN vs. TP diagnosis) and (c) without (FP vs. TN diagnosis) obstructive CAD per reference standard QCA. Features significant (p < 0.05) on univariable pairwise comparisons were entered into corresponding multivariable logistic regression models to determine their independent association with inaccurate CTA interpretation expressed as odds for QCAdiscordant diagnoses. To account for the clustered nature of segment characteristics within patients, complex sample analyses and generalized estimating equations were used for unadjusted and multivariable analyses of segment-level data to compensate for clustering-related underestimation of SEs. Statistical analyses were performed using SPSS v16.0 (SPSS Inc., Chicago, Illinois). Statistical significance was defined as a 2-sided p value <0.05. zero Agatston score). These findings were consistent in a series of sensitivity analyses incorporating additional adjustment for previously observed correlates with image quality (14) , including body mass index (BMI), heart rate (mean and variability) during image acquisition, and presence of breathing artifact (data not shown).
R E S U L T S
Segment characteristics on CTA in relation to segment-level CTA diagnostic inaccuracy. The proportional distribution across major coronary vessels of the random TN segment samples examined and the remaining nonselected TN samples in the entire trial cohort was not different (p > 0.05 for differences) (Online Appendix 2). The characteristics on CTA examination of all segments with TP, FP, and FN diagnoses, and the random subset of TN segment samples examined are summarized in Table 1 . Compared with correctly diagnosed segments, misdiagnosed segments were less likely to reside in the left main artery and more likely to reside in the diagonal branches (Table 1a) . Of all segments harboring obstructive CAD, those with an FN diagnosis were disproportionally more frequent in the diagonal and obtuse marginal/left posterolateral branch or ramus intermedius, but less often in the left anterior descending artery (Table 1b) . Among segments without significant disease, FP segments were more likely in the left anterior descending artery and less likely in the posterior descending/posterolateral branches of the right coronary artery (Table 1c) .
The angiographic appearances of segments on CTA stratified by diagnostic accuracy (a) overall among all segments and within subgroups exclusively (b) with and (c) without significant stenosis are summarized in Table 1 . Segments with misdiagnosis were more likely to be torturous, of smaller caliber, of suboptimal image quality impaired by motion and other artifacts, containing calcification, and visualized with cardiac vein over-crossing (Table 1a) . Segments with an FN diagnosis compared with TP segments exhibited similar variations in CTA appearances as with overall misdiagnosis, with the exception of paradoxically less calcification and lower segment-specific luminal contrast opacification (Table 1b) . FP segments compared with TN segments revealed similar differences as observed with overall misdiagnosis (Table 1c) .
CTA segment-level characteristics independently predictive of CTA segment-level diagnostic inaccuracy.
The independent association between segment characteristics on CTA and segment-level diagnostic inaccuracy is presented in Table 2 . Segment tortuosity, cardiac vein over-crossing, and smaller luminal diameter each independently conferred increased odds for CTA misdiagnosis (Table 2a) , and specifically FN diagnosis (Table 2b ) and FP diagnosis (Table 2c ). Furthermore, greater After accounting for segment intrinsic characteristics on CTA, segment location per major vessel categories within the coronary tree was no longer found to be associated with segment-level diagnostic inaccuracy (Table 2 ). Furthermore, patientlevel parameters correlating with patient-level diagnostic performance as observed in this study (e.g., history of CAD) or conceivably image quality (BMI, heart rate, breathing, or ectopy during acquisition) when added to the models were not found to affect the segment-level results or to be associated with segment-level diagnostic inaccuracy (data not shown).
D I S C U S S I O N
Although the diagnostic accuracy of CTA for detecting CAD has been extensively delineated, few data are available addressing factors predicting its diagnostic inaccuracy (15) (16) (17) (18) . Existing data in this regard were derived from single-center experiences on modest patient and segment samples of which characteristics were qualitatively determined without case-control comparisons (15) (16) (17) (18) . To the best of our knowledge, this is the first study to report patient clinical and coronary arterial segment characteristics on CTA that are independently associated with the different specific CTA inaccuracies on both per-patient and per-segment levels.
Lower patient-level diagnostic accuracy for CTA has been reported in obese patients and patients with poor heart-rate control resulting from images with low signal-to-noise ratio and motion artifacts (8, 14, (18) (19) (20) (21) (22) . However, consistent with our prior investigation on this topic (14), we found that neither BMI nor heart rate is an independent predictor of patient-level diagnostic inaccuracy. A potential explanation for this counterintuitive finding may be our adaptive adjustment of tube current to BMI and protocol-stipulated prescription of beta-blockers. A history of percutaneous coronary intervention surrogated higher disease prevalence among nonstented coronary segments in our studied population and independently conferred an increased risk for patient-level FN diagnosis, confirming the dependency of CTA accuracy on the pre-test probability of CAD (23).
We and others have shown that high calcium scores are associated with lower patient-level specificity and negative predictive level (5, 19, 20, 23) . Consistent with these reports, the current study found that a higher Agatston score independently increases the risk of patient-level FP diagnosis. Of note, we also found that the absence of coronary calcification is an independent predictor of stenosis under-recognition. We have previously reported among our trial cohort that the absence of coronary calcification does not exclude obstructive CAD (24) and that overall segment-level diagnostic inaccuracy is lower in noncalcified arterial segments of lower disease prevalence than in calcified coronary artery segments (25) . In the present study, we establish the absence of coronary calcification as an underappreciated independent risk marker for FN diagnoses. Our results suggest that the absence of calcification may reduce a reader's vigilance for stenoses and that potential lesionsdwithout obvious (i.e., calcified) evidence of atherosclerosisdmay be dismissed as artifacts.
Despite technological advancement of scanners provisioning better spatial resolution, small vessels remain diagnostically challenging. With the use of contemporary 64-detector technology, segmentlevel sensitivity was lower among smaller segments (6) . Our study extended beyond these unadjusted observations and demonstrated that smaller luminal caliber is an independent attributor to segmentlevel misdiagnoses. For the first time, we established arterial segment tortuosity as an independent predictor of segment-level diagnostic inaccuracy (Fig. 1) . Of note, cardiac motion degraded segmentlevel image quality, which was associated with segment-level misdiagnosis (Fig. 2) but not after adjustment for other segment-level factors (Table 2 ). This may suggest that cardiac motion may be more tolerable in the absence of other features independently attributable for misinterpretation. Likewise, our findings also underscore that specific segmentlevel characteristics as reported, rather than segment location per se, are independent parameters affecting diagnostic accuracy.
Aside from intrinsic segment properties, intraarterial luminal enhancement and conspicuity of juxta-arterial cardiac veins emerge as independent factors affecting segment-level accuracy. Previous studies have shown higher unadjusted segment-level sensitivity and positive predictive value in patients achieving greater vascular contrast enhancement at the aortic root and origins of the left main and right coronary arteries (26) . Our adjusted segment-specific luminal attenuation analyses affirm the importance of optimizing luminal contrast opacification to avert FN diagnoses (Fig. 3) . Conspicuity of juxtaarterial venous structures is first identified associated with segment-level misinterpretations. Consequential to partial volume averaging, focal luminal attenuation at the over-crossed arterial segment may appear artifactually lower or higher, potentially mimicking or masking stenosis, respectively (Fig. 4) . These pitfalls advocate for optimized contrast bolus timing to achieve high intra-arterial while minimizing venous contrast enhancement. Study limitations. The principal limitation of this investigation is the use of categoric decision points for determining the absence or presence of obstructive CAD, which, although almost invariably used for clinical investigations, may not reflect clinical practice. The use of specific thresholds to define disease is also associated with observer bias that may affect diagnostic accuracy (23) . Our study was performed in a selected cohort with clinical indications for invasive coronary angiography. Our findings may not necessarily generalize to lower-risk populations, for whom CTA is more intended for CAD assessment. Although this is one of the largest multicenter investigations, the number of misdiagnosed patients is still modest; thus, implications of our patient-level associations should be considered as hypothesis generating, advocating for larger confirmative studies. Given the effort entailed in our detailed segment-level analysis and the large number of TN segments within our entire multicenter cohort, we pre-specified and analyzed segment-level features of diagnostic inaccuracy on only a randomly selected TN-segment subset as comparative control. Our TN segment characteristics may thus be subjected to potential selection bias. However, we verified that the proportional constitution of segments of the different major vessels within this randomly selected TN-segment subset and the remainder of all nonselected TN segments in our entire patient cohort was not significantly different (Online Appendix 2).
C O N C L U S I O N S
In this systematic evaluation of factors associated with diagnostic inaccuracy for coronary artery stenosis assessment by CTA compared with QCA in a multicenter diagnostic study, we observed pitfalls as well as clinical and CTA features predictive of patient-and segment-level CTA misdiagnoses. Our observations particularly reveal the absence of coronary calcification as an independent risk marker for under-recognition of stenoses defined by QCA. Specific segment-level CTA features, notably small segment caliber, segment tortuosity, suboptimal intra-arterial contrast enhancement, and juxta-arterial venous conspicuity, are independent predictors for segment-level misdiagnoses. Knowledge and appropriate considerations of these CTA predictors of misdiagnosis may improve limitations awareness, and accuracy in clinical CTA interpretation.
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